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PROBLEM TO BE SOLVED: To 
provide a package technology for 
sealing an MEMS device 
hermetically so that the MEMS 
device can be built in a CMOS 
circuit. 

SOLUTION: The inventive package 
technology can be employed for 
packaging an MEMS device 
according to a conventional CMOS 
package technology. The invention 
also provides means for controlling 
the operational environment of the 
MEMS device. In the inventive 
package, a protected cavity is 
provided around an MEMS device 
fabricated by a flip-chip bonding 
process. According to one 
embodiment, a firewall is formed on 
a first substrate around the MEMS 
device which is sealed in a cavity 
bounded by the firewall. 
Subsequently, another substrate is 
flip-chip bonded to the first substrate 
holding the MEMS device. 
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1. Title of lorcotioi 

Hematic Firewall For MEMS Packagio| In Flip-Chip Boidtd Geometry 

2. Claims 



* L A package having a cavity with a height far boosing a micro-electromechanical 
systems (MEMS) device and sealing the MEMS device in the cavity to protect the 
MEMS device against deleterious conditions present in an environment of the 
S package, comprising: 

a first substrate far defining a base on which the MEMS device is fabricated; 

a firewall fabricated on the first substrate and having a bottom surface engaged 
with the first substrate, said firewall fanning walls of the cavity which extend 
upwardly away from the bottom surface, tor fully surrounding the MEMS device 
10 within the cavity which is bounded and formed by the firewall and the first substrate; 

a second substrate bonded to the first substrate over the firewall and in sealed 
engagement with the firewall tor creating a cavity-closing seal for the cavity within which 
the MEMS device is fully enclosed against the deleterious conditions present in the 
15 environment of the package so that the MEMS device is be packaged protected^ within 
the cavity and remote from the deleterious conditions. 

%. The p a c kag e of claim 1, former comprising a plurality of spacers formed on 
either one or both of the two substrates to predetemrineably space apart the two 
substrates and thereby define a height of the cavity, and wherein the second substrate is 
20 placed over the cavity in further sealed engagement with the plurality of spacers. 

3. The package of claim 1, wherein the seal is a hermetic seal 

4. The package of claim 3, wherein the hermetic seal comprises a thin film metal 
material overlaying at least a portion of atop surface of the firewall. 

5. The package of claim 4, wherein the hermetic seal comprises a thin film metal 
25 material severed to the top surface of the firewall to produce the hermetic seal having a 

mechanical strength and rm parting structural integrity to the package. 
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6. Thf* p n^nga qfdlim \ fiirther Q ftu ipr foi ^ E * pHiraEiy of tddtf bumps fabricated ' 
on the first substrate for providing mechanical integrity to the package to supplement the 
mechanical strength provided by the hermetic seal and thereby assure sufficient 
mechanical integrity for the package. 

5 7. The package of daim 6, wherein the thin film metal material comprises gold 

8. The package of claim 6, wherein the thin film metal material comprises silver. . 

9. The package of claim 6, wherein the thin firm metal material comprises an alloy 
of gold. 

10. The package of daim 6, wherein the thin film metal material comprises an alloy 
10 of silver. 

1 1. The package of claim 1, wherein the firewall comprises alternating stacks of 
poly-silicon and silicon dioxide encapsulated by poly-silicon 

12. The package of claim 1, further comprising electrical leads connected to the 
MEMS device in the cavity and extending through the firewalL 

15 13. The package of claim 12, wherein the electrical leads comprise a poly-silicon 
layer surrounded by a silicon dioxide layer which is further surrounded by another 
layer of poly-silicon. 



3. 



Detailed Descrifticn of 



Invention 



(fll)>01-185635<P2001-l 



Tlje prtseiit Invention relate! to packaging for mk*c^electror^ 
5 systems (MEMS) devices. More specifically, the present invention relates to 
packaging of MEMS devices in flip-chip bonded geometry to provide hermetic seals 
for die MEMS devices. 

Description of the Related Art 

MEMS devices have become ubiquitous in the semiconductor industry and arc 
10 used in hybrid electrical and mechanical functions that are necessary in many 
electronic and ele<rfr(M)ptical systems. Packaging MEMS devices in such systems is 
in general a costly process. Because mechanical motion is an essential part of the 
MEMS function, a carefully designed space for the motion is needed in order for the 
MEMS device to operate reliably. Conventional packaging techniques used for 
15 CMOS electronics are performed after the CMOS devices are appropriately protected 
using proper passivation material. Such passivation procedure protects me devices 
from the packaging processes that are usually mechanically and chemically harsh. 
After device passrvatton, packaging is performed by injecting either molten plastic or 
epoxy over the CMOS chip. Since the CMOS function relics purely on the electronic 
20 properties of silicon, such a packaging process does not interfere with device 
performance. However, these packaging techiuques usually involve treatment of 
semiconductor chips using a fluid, and are therefore not compauble with MEMS 
device operation. For mis reason, expensive ceramic packaging has usually been 
chosen over osst-effective plastic molded packages for MEMS dev ices . 

25 Most MEMS devices need to operate in a controlled environment to achieve 

optimum device performance and reliability. Some examples of controlled 
euvinmments include controlled pressure (vacuum), controlled humidity, and 
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controlled chemical (typically a special gas) environments. Packaging MEMS devices 
. cost-effectively under these conditions is desired in the art, but due to the 
complexities and sensitivities associated with operation environments of MEMS 
devices it is often a difficult or impractical task. 

5 It is also essential that such cost-effective MEMS packaging technology be 

compatible with CMOS packaging technology. This is important because CMOS 
technology is already mature and commercially available. Moreover, the need to 
integrate MEMS devices with CMOS technology is becoming increasingly important 
in order to add ftinctknality to the CMOS chip that simple CMOS devices cannot 

10 provide, and to provide control of MEMS devices using CMOS integrated circuits. 
Most CMOS packaging techniques wherein wet chemistry and high-pressure fluid 
flows are used, however, are detrimental to MEMS devices. Thus, current CMOS 
parking techniques will not adequately protect the MEMS devices during the 
packaging process. 

15 Accordingly, there is a long-felt, but unresolved need in the art for MEMS 

p ackaging techniques which hermetically seal the MEMS devices so that they can 
effectively be incorporated in CMOS and other hybrid circuits. The packages should 
be cost-effective and ensure that electrical connections to or with the MEMS devices 
can be achieved without breaching the integrity of the package. Moreover, such 

20 packages should be easily integratable with current semiconductor fabrication 
processes and be compatible with conventional CMOS packaging methods. 

S TWTtm<r rr Of The Iitvention, 

The present invention provides a novel packaging technique that enables 
conventional CMOS packaging procedures be used to package MEMS devices. It also 
25 provides means to control the operation environment of the MEMS devices at the 
same time. The inventive packages produce a protected cavity around the MEMS 
devices which is created by a a flip-chip bonding process. In a preferred 
embodiment, a firewall is fabricated on a first substrate around the MEMS device to 
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enclose the MEMS device within the cavity bounded by the firewall. Another 
. substrate is then flip-chip bonded to the first substrate that holds the MEMS device. 
This second substrate may hold other MEMS devices to complete the structure or 
functionality of the overall hybrid circuit, may hold CMOS electronics to control (he 

5 MEMS device(s) on me first and/or second substrate, or may serve purely as a 
mechanical "cover* of the MEMS device firewall. A gap between the two substrates 
is accurately controlled by me height of the firewall itself, by spacers of known 
height, or with spacers in conjunction with the height of the firewall. The spacers can 
be fabricated ind^endently on the substrate, in which case they will not form a 

10 portion of the firewall per se. ma preferred embodiment, the cavity is hermetic, 
which- means that the cavity is sealed against the envht>nment of the package to 
protect the MEMS device from any deleterious conditions found or present in the 
environment of the package. 

Upon flip-chip bonding of the two substrates, the firewall seals off the space 
15 immediately around the MEMS devices). At the same time, mechanical support and 
integrity is provided for the package by the bonded substrates through appropriate 
bonding techniques. In still a further preferred embodiment, the hermetic firewall 
itself provides me inechanical support for the package. Still more preferably, 
independent structures are provided to the package to give the package its additional 
20 mechanical support Once the cavity has been created by the firewall and the MEMS 
device is protected accordingly, the hybrid chip containing the MEMS device in its 
package can be further packaged usirig amvention^ 

The inventive package* for MEMS devices are simple to implement and can 
easily be performed with conventional CMOS packaging technology. Moreover, 
25 packages provided in accordance with the present invention may hermetically seal 
MEMS devices from deleterious effects found in a packaging environment which 
could damage the MEMS devices. Thus, the packages disclosed and claimed herein 
efficiently protect MEMS devices so that these devices can function robustly when in 
use. 



(a4))01-185635(P2001-l 



Bishop 33*10-1 4 

the foflowing deailed descriptkm ccm)^ * cotf^ ^ & vanpwb* 

5 refaen-e should be made to the appended claims. 

Other objects and features of the present taveatioa wffl become apparent fiom 
the following detailed d*s«ipto 

drawings- It is to be understood, however, that the drawings are designed solely for 
pa-poses of illustration and not as ittMto**^******-*** 1 * 
10 reference should be made to the appended claims. It should be further understood 
that the drawings are not necessarily drawn to scale and that, unless otherwise 
indicated, they are merely intended to conceptually illustrate the structure, and 
procedures described herein. 
«»^f rwr+prinn Of The Drawing 
15 In the drawings, wherein like reference numerals identify similar elements 

throughout die several views: 

Figure 1 is a schematic, aoss-sectional view of a h«me& firewall padage 
for enclosing MEMS devices in accordance with the present invention; 

Figure 2 is anetevated perspective view of a hermetfc fwwall MEMS package 
20 wherein the firewall serves a. a spacer while n«chani^ snpptnt is provided by solder 
- bumps outside of die firewall; 

Figure 3 is a perspective view of a hermetic Ihwall MEMS package of the 
invention where* the firowJl includes a ring-shaped solder seal that provides the 
mechanical support and spacers are provided separately; 
25 Figures 4*c depict a schematic process of solder bump or ring-shaped solder 

seal; and 
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Figure 5 is an elevated perspective view of a hennetic firewall MEMS package 
.of the invention wherein a doimle-walled structure is imrriemented and wherein an 
inner wall provides the MEMS sealed environment while an outer wail includes a 
ring-ehaped solder seal that provides a second hermetic seal and mechanical support 
5 for the package. . 

Detailed Desotato 

Referring now to the drawings, Figure 1 depicts a schematic cross-sectional 
view of the hermetic firewall structure of the present invention identified by the 
general reference numeral 10. The package 10 comprises a cavity 20 for enclosing a 

10 MEMS device 25 or several MEMS devices, depending on the particular hybrid 
circuit application in which the MEMS devfce(s) will be integrated In a preferred 
embodiment, a firewall 30 is fabricated on one or both substrates 40 and 70 on one 
of which the MEMS device is fabricated. The firewall 30 includes a top surface 50 
and a bottom surface 60. The package 10 further comprises a second substrate 70 

15 which is bonded to the first substrate through the firewall 30 formed on substrate 40. 
The second substrate 70 contains a mating seal to the firewall 30, which completes the 
firewall structure. Preferably, the second substrate is "flip-chip* bonded to substrate 
40, using a suitable bonding technique. A preferred bonding technique is a heat- 
based process wherein a material such as a metal or plastic resin is placed between 

20 two parts to be welded together and heated to melt or soften the material. When the 
material thereafter hardens, a strong, resilient seal is created between the two pieces. 
Substrates 40, 70 are conventional substrates used to fabricate CMOS electronic 
devices. Such substrates usually comprise silicon, although it will be recognized by 
those skilled in the art that me substrates may, for example, comprise GaAs, Ge or 

25 other semiconductor materials, or insulating materials such as quartz, aJ umina , or 
sapphire. For ease of description hereinbeiow but without intending to limit the 
invention, it wuT be assumed that the substrates are silicon substrates. 

Tne firewall 30 is fabricated around the MEMS device 25, and may be fabricated 
on either of the substrates 40, 70. Hie height of the firewall 30 can be precisely 
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canlrolted to thereby control the spacing between the two substrates. For some MEMS 
devices, the spacing may be an integral part of the MEMS device function, while in 
others it has to be amply large enough to accommodate the MEMS devices in the cavity 
20. A sealing material is employed atop the firewall 30 to produce a hermetic seal $0 

5 for the cavity 20. The sealing material is preferably a thin film metal material and is 
placed on at least a portion of the top SO of firewall 30 to seal the cavity 20 when the 
second substrate 70 is flip-chip bonded to first substrate 40. During the flip-chip 
bo nding process, the welding materials cm both sides of the substrates are heated and 
pressed together, resulting in a tight hermetic seal between the flip-chip bonded 

10 substrates 40, 70. After the flip-chip bonding process, cavity 20 is bounded and formed 
by the firewall 30 and substrates 40, 70 and encloses a small space around the MEMS 
device 25. This leaves the MEMS device 25 intact and protected from subsequent 
packaging processes performed outside cavity 20, which might involve fluid treatment 
that have deleterious effects on the MEMS device 25. 

15 The hermetic firewalls of the present invention can be fabricated using the 

same process mat is employed for fabricating MEMS devices. In an example of 
MEMS devices fabricated using silicon surface micromachining technology, the 
firewalls may be made up of alternating stacks of poly crystalline silicon and silicon 
dioxide, encapsulated by polycxystalline silicon. Another alternative is to use a 

20 material mat is deposited or spin-coated and patterned on a substrate using a 
lithography technique. Some examples include silicon nitride, polyimide and metal. In 
all cases, the material comprising the firewall 30 must have the desired chemical and 
mechanical strength to create a hermetic seal between the substrates and the firewall 
and to protect the MEMS device 25. Using such techniques, the height of the walls 

25 can be defined precisely. 

In a preferred embodiment depicted in Figure 2, a hermetic seal 80 between 
the firewalls on first and second substrates can be formed by evaporating a soft metal 
such as gold, silver, or their alloys onto the top of firewall 30, and pressing down on 
die metal surface in a heated environment The heated environment may be created 
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during the flip-chip bonding process of the first substrate to the second substrate 
itself, or by an mdependent heating or soldering process known to those skilled In the 
art. However, creating such a seal 80 usually does not provide enough mechanical 
strength to hold die substrates together and to provide mechanical integrity to the 

S package 10. A stronger mechanical seal may be achieved using stronger solder, 
which is used in conventional flip-chip bonded packaging techniques. When it is 
desired to use additional solder to provide a stronger mechanical support, a plurality 
of solder bumps 90 can be bonded to the first substrate 40 which will provide 
mf^ha^rfll support and integrity to the package, when me second substrate (not 

10 shown in Figure 2) is flip-chip bonded to the first substrate. Alternately, the solder 
bumps 90 may be bonded to the second substrate which is simply a matter of design 
choice. 

Of critical importance in (he fabrication of packages for MEMS devices in 
accordance with the present invention is mat the electrical connection to the MEMS 

15 device 25 with the rest of the circuit must traverse firewall 30 without bleaching the 
hermanc seal enclosing the cavity 20. in a preferred embodiment, electrical leads 100 
connecting the MEMS device 25 to the rest of the circuit are inserted through firewall 
30 during the MEMS fabrication process. In this case, for example, the leads can be 
made up of heavily doped conductive polycrystalline silicon, encapsulated by silicon 

20 dioxide layers to achieve electrical isolation. In another preferred embodiment, the 
electrical leads 100 can be placed underneath the firewall. Alternatively, leads 100 
may be secured to the second substrate 70 that contains CMOS circuitry, for example, 
thereby alleviating the need to breach or otherwise corrupt the firewall 30 by 
requiring the leads 100 to physically traverse therethrough. In mis case, vertical 

25 electrical connection between the MEMS device 25 on substrate 40 and the electrical 
leads on substrate 70 has to be fabricated. Such connection can easily be achieved by 
means of solder bumps or metallizing independent spacers 120 (Figure 3). 



In the embodiment of Figure 2, the firewall 30 ^comprises stacks of poly- 
silicon and silicon dioxide layers. The firewall 30 itself also serves as a spacer for 
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cavity 20 to control the gap between the two substrates 40 ami 70 so that cavity 20 has 
a height defined by die height of firewall 30. Mechanical strength is provided by 
independent solder bumps 90 placed outside the firewall 30* The solder bumps 90 
may be placed al any convenient location on either or bom of substrates 40, 70. The 
5 electrical leads 100 preferably comprise poly-silicon surrounded by silicon dioxide 
layers, encapsulated by another layer of poly-silicon. 

Figure 3 depicts yet another preferred embodiment of the package 10 of the 
present invention having a hermetic firewall 30. A metal film as described above is 
evaporated on top 50 of the firewall structure and will form the hermetic seal 80 far 

10 the cavity 20. Tne solder material is deposited on top 50 of firewall 30 to produce a 
solder seal 110 for cavity 20. When the solder seal 110 is made, it provides both the 
henneticity and rnechankal strength necessary for the flip-chip bonding process to 
produce a sturdy, strong hermetic package. Independent spacers 120 may also be 
provided to accurately define the required gap or spacing between the substrates. 

15 Spacers 120 may be fabricated on either or bom of substrates 40, 70 and may be 
placed at arbitrary locations thereon. 

The process of solder bump or ring-shaped solder seal is schematically shown 
in Figures 4a-4c. In all preferred embodiments utilizing solder bump or ring-shaped 
solder seal bonding, the height of the spacers 120 are intentionally made higher than 

20 the solder bumps. For the solder bump preparation, one can deposit solder 75 onto a 
larger footprint than metal pad, over a dielectric layer 85 that the solder does not wet 
(Figure 4a). Upon heating, the surface tension win increase the solder bump 90 height 
and decrease its footprint (Figure 4b). The mechanism enables the solder bumps 90 to 
make contact to the mating metal pad 95 on the other substrate. Upon cooling, the 

25 solder shrinks and actively pulls the two substrates together (Figure 4c). This process 
guarantees an intimate connection between the spacers, and precise separation 
between the two substrates. 

One disadvantage of the embodiment of Figure 3 is mat if any flux material 
(either in the gas phase or the liquid phase) is necessary for soldering, the MEMS 
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device 25 will be exposed to this environment This might not be detrimental to 
MEMS device 25 if the proper flux is used, but will limit the ability to provide a 
controlled environment for the MEMS device. 

Figure 5 depicts still another preferred embodiment of the package 110 

5 containing a hermetic firewall of the present invention. In this embodiment, a 
double-walled firewall structure is fabricated on either substrate 40, 70. The inner 
wall 130 is similar to that of Figure 1 wherein metal layers 80 are eposited on the top 
50 of firewall 30, and provide the appropriate spacing for cavity 20. An outer wall 
140 is similar to die firewall 30 of Figure 3 wherein a layer of solder material 110 is 

10 deposited on the top 50 of firewall 30. The mechanical strength for the resulting 
package is provided by the outer wall 140. In this embodiment, the inner wall 130 is 
bonded to either substrate 40, 70 with a "tack" bond between two metal layers 60 that 
is created by applying pressure between the two substrates at a low temperature as 
compared to the melting temperature of the solder of seal 110. When mis process is 

15 accomplished in a controlled environment, the space encapsulated by the inner wall 
130 maii^m this environment and is sealed off. After the low-temperature tack 
bonding is accomplished, it is possible to simply heat up the substrate 40 or 70 to a 
temperature sufficient to melt the solder 10 thereby form the solder bond on outer wall 
140. The double-walled firewall of Figure 4 thus advantageously protects MEMS 

20 device 25 from the deleterious effects of the soldormg process. 

The environment within the cavity defined by the firewall can be controlled by 
performing the fly-drip bonding process under the desired environment Such desired 
environment may include, for example, controlled pressure, controlled humidity, and 
controlled gas chemistries. The cavity 20 created by this flip-chip bonding process 
25 protects the MEMS devices, so that the flip-chip bonded substrates can now be further 
packaged using conventional packaging techniques that might otherwise be detrimental 
to the MEMS devices. . 

While there have been shown and described certain fu n dame nt a l novel features 
of the invention as applied to preferred embodiments thereof, it will be understood 
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that various omissions and substitutions and changes in the methods and apparatus 
.described herein, and in their operation, may be made by those skilled in the art 
wititout departing*^ invention. It is expressly intended 

that all combinations of those elements and/or method steps which perform 
5 substantially the same function in substantially the same way to achieve the same 
result are within the scope of the invention. Substitution of elements from one 
described embodiment to another are also fully intended and contemplated. It is the 
intentkm, therefore, to be Ihnited only as indicated by the scope of the claims 
appended hereto. 

10 Thus, while there have shown and described and pointed out fundamental 

novel features of the invention as applied to a preferred embodiment thereof, it will 
be understood that various omissions and substitutions and changes in the form and 
details of the devices Ulustrated, and in their operation, may be made by those skilled 
in me art without departing from the spirit of the invention. For example, it is 

15 expressly intended mat all combinations of those elements and/or method steps which 
perform substantially the same function in substantially the same way to achieve the 
same results are within the scope of the invention Moreover, it should be recognized 
mat structures and/or elements and/or method steps shown and/or described in 
connection with any disclosed form or embodiment of the invention may be 

20 incorporated in any other disclosed or described or suggested form or embodiment as 
a general matter of design choice. It is the intention, therefore, to be umited only as 
indicated by the scope of the claims appended hereto. 



4. Brief Description cf Drawings 
WritttD abcvc. 
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I Abstract 



A package to hermetically sealing a micrc^lectromechanicil system* 
(MEMS) device in a hybrid circait comprise a firewall fanned on a substrate for me 
MEMS device and which has a height defining a cavity of the package in which the 
MEMS device will be sealed. A second substrate spaced from the first substrate 
hermetically seals the cavity when the second substram is flip^ bonded to the first 
substrate and soldered to the first substrate wim a tbmfitai metal material placed on at 
least a top portion of me firewall. The resulting firewall MEMS device package can 
be former packaged using conventional CMOS packaging techniques. By 
hermetically sealing the cavity, the enclosed MEMS device is protected from 
deleterious conditions found in the environment of conventional CMOS packaging 
techniques which is often detrimental to MEMS device function. 
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ABSTRACT 

The monolithic integration of micromechanical devices with their controlling electronics offers potential increases in 
performance as well as decreased cost for these devices. Analog Devices has demonstrated the commercial viability of this 
integration by interleaving the micromechanical fabrication steps of an accelerometer with the microelectronic fabrication steps 
of its controlling electronics. Sandia's Microelectronics Development Laboratory has integrated the micromechanical and 
microelectronic processing sequences in a segregated fashion. In this CMOS-first, micromechanics-last approach, conventional 
aluminum metallization is replaced by tungsten metallization to allow the CMOS to withstand subsequent high-temperature 
BerkeleT 8 mi ™echanical fabrication. This approach is a refinement of an approach originally developed at U.C. 

Specifically, the issues of yield, repeatability, and uniformity of the tungsten/CMOS approach are addressed. Also 
material issues related to the development of high-temperature diffusion barriers, adhesion layers, and low-stress films are 

iZ^n^m 8 . aad 1 mate ? d issues associated with Native approaches to this integration such as micromechanics- 
tirst, CMOS-last or the interleaved process are also discussed. 

Keywords: micromechanics, CMOS, integration, tungsten, smart sensors 

1. INTRODUCTION 

Recently, a great deal of interest has developed in manufacturing processes that allow the monolithic integration of 
microelectromechamcal structures (MEMS) with driving, control, and signal-processing electronics. This integration promises 
to improve the performance of micromechanical devices as well as the cost of manufacturing, packaging, and instrumenting 
these devices by combining the micromechanical devices with an electronic subsystem in the same manufacturing and packaging 
process. For example, Analog Devices has developed and marketed an accelerometer' which illustrates the viability and 
commercial potential of this integration. They accomplished this task by interleaving, combining, and customizing their 
manufactunng processes which produce the micromechanical devices with the processes that produce the electronics 
Researchers at Berkeley* have developed a modular integrated approach in which the aluminum metallization of CMOS is 
replaced with tungsten to enable the CMOS to withstand subsequent micromechanical processing 



2. INTEGRATION STRATEGIES 

As presented in a recent review of integrated polysilicon microsystems 3 , there are three basic approaches to 
monohthically integrating surface micromachined polysilicon devices with their controlling electronics: microelectronics-first 
mterieaved, and micromechanics-first. Each of these strategies must overcome the limitations of the processing requirements of 
both the microelectronic and micromechanical devices. Polysilicon micromechanical devices often have large vertical topologies 
(typically 4 to 10 microns in height) and require long, high-temperature anneals for stress relaxation (such as 3 hours at 1 100°C) 
Microelectronic devices use precision photolithographic techniques that require planar substrates. They also have thermal 
processing budgets limited by dopant diffusion and metallization 



The microe ectronics-first approach overcomes planarity restraint imposed by the photolithographic processes by 
building the microelectronics before the non-planar micromechanical devices. The limitation on thermal budget of the 
microelectronic devices remains a problem. Alth ugh the dopant diffusion problem is mitigated by changing the fabrication 
technology, the aluminum metallization used in conventional microelectronic technologies melts at the temperatures needed for 
polysihcon anneals. To overcome the temperature limitation of the aluminum metallization, researchers at Berkeley have 
prototyped an all-tungsten CMOS process. After having completed this process, the micromechanical devices are fabricated A 
cross-sectional diagram of a modified version of the Berkeley process is shown in Figure i. Unfortunately, the temperature of the 
polysihcon anneal is limited by the lack of a robust diffusion barrier to prevent formation of tungsten silicide during this anneal 
and by high stress of the tungsten film stack. B 
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Figure 1 A cros-sectional view of the CMOS-first approach to micromechanical integration where tungsten metallization 
replaces the conventional aluminum metallization. 

The interleaved approach may be the most economical for large-scale manufacturing since it optimizes and combines 
the manufacturing processes of both the micromechanical devices and the microelectronic devices. This optimized 
manufacturing mix imposes limits on both the microelectronic device performance and the micromechanical device performance 
It also requires extensive changes to the overall manufacturing flow in order to accommodate changes in just the microelectronic 
devices or the micromechanical devices. This limits the usefulness of this approach for rapid prototyping of different 
technologies or development work. 

Finally, a third approach to integration may be pursued. This micromechanics-first approach fabricates anneals and 
plananzes the micromechanical devices before the microelectronic devices are fabricated. Since the micromechanical devices are 
both annealed and planarized before the microelectronic device fabrication steps are reached, the topology and thermal 
processing limitations of the microelectronic devices are overcome. Figure 2 illustrates a micromechanics-first approach to 
integration , that will be reported elsewhere. 4 In this technology, micromechanical devices are fabricated in trenches etched in 
silicon wafers These trenches are then refilled with oxide, planarized by chemical-mechanical polishing, annealed, and sealed 
inese wafers then form the starting material for a conventional microelectronic fabrication process. This approach mav also 
have advantages in packaging of finished devices. y 
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STn » H^r^tr!, ™Z of /"icromechanics-first approach to integration. Here, the micromechanical devices are 
bu.lt ,n a trench. This trench is then refilled with ox.de, planarized, and sealed to form the starting wafer for CMOS processing. 

3. CMOS-FIRST INTEGRATION RESULTS 

A standard 2-micron, twin-tub CMOS process was modified to accomadate an all-tungsten metallization process In 
order to separate the tungsten from the underlying silicon at the contacts an adhesion layer/diffusion barrier stack of 15 nm of 
selective T.S, followed 50 nm of T.N was used. The low-stress tungsten metallization was deposited by chemical vapor 
deposition to a thickness of 1 micron. Where tungsten metallization was deposited over the field oxide, only die TiN layer was 
used. Since ,t ,s difficult to attach AI or Au bond wires to tungsten, bond pads were formed by using the mechaniXSi^ 
deposed on top of a 50 nm TiN diffusion barrier and the 1 micron of tungsten. Difficulties were encountered Z^g proVsSg 

S^SS-S" u com P ress,ve u stress of Ae ^g^n fi«™, »e surface roughness of low-stress tungsten, and sporadic failure of 
the TiN diffusion barrier during the micromechanical polysilicon anneal. 

a( w tVi Fl fT 3 thr ° U8h , 6 ^!! UStr t te thresh0ld Variation of n - channel 311(1 P^ hannel devic « across a wafer both before and 
n a r* e P° y s, ^on anneal. These figures show functioning devices in both cases. No degradation of transistor performance was 
tr * e ' nic ™ m ^han,cal processing. Figures 7 and 8 show the contact resistance between the tungsten and the 
source/dram of n-type devices for a 2 micron by 2 micron contact. A small increase in contact resistance is seen after the anneal 
but the average resistance is still less than 10 ohms. The non-uniformity of the post-anneal wafermap is probably due to poor 
temperature uniformity within the rapid thermal anneal system. auiy oue ro poor 

Figures 9 and 10 demonstrate a severe degradation in contact resistance between tungsten and p-type silicon Here the 
contact resistance has increased from 25 ohms to 125 ohms. This increase in contact resistance degrades tie performance of the 
p-channel devices and may be due to out-diffusion of boron from the p+ source/drain implants in silicon 
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The compressive stress of the bondpad stack caused delamination, or lifting, of the bondpads. Thin interconnect lines 
did not exhibit this lifting, but the 100 micron by 100 micron bondpads showed significant delamination. Figure 11 illustrates 
this phenomena. The delamination occurs between the field oxide and the silicon substrate. Figure 12 shows a cross-section of 
the delaminated bondpad in more detail. Starting from the bottom, the materials seen in this stack are TEOS-based field oxide, 
TiN, tungsten, porous WTiSi (formed by the failure of the upper TiN diffusion barrier), WSi, and micromechanical polysilicon. 

In lowering the stress of the tungsten metallization by varying the deposition conditions, the surface roughness of the 
film was increased significantly. This prevented the use of projection steppers for photolithographically patterning the low-stress 
tungsten. A manually-aligned contact aligner was used instead. 

Despite these processing difficulties, the devices fabricated were functional as long as their size was relatively small. A 
larger device, an accelerometer with on-chip preamplifiers is shown in Figure 13. The CMOS on this chip was fully-functional, 
but the temperature limitations imposed by the lack of a robust diffusion barrier caused the polysilicon to curl. For large 
polysilicon devices this curl prevented the micromechanical devices from being fully-functional. Devices under 200 microns in 
size did not see significant curling. 

Because of the problems encountered in attempting to bring this technology to a manufacturing facility, we have decided 
to try other approaches besides the all-tungsten, CMOS-first integration approach. 




Figure 11. Focused ion beam cross-section of tungsten bondpad showing delamination of bondpad stack at the center of the 
contact due to compressive stress of bondpad stack. 
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Figure 12. Close-up view of the delaminated bondpad shown in Figure 1 1. 




Figure 13. A surface-micromachined polysilicon accelerometer with integrated control electronics fabricated using the all- 
tungsten, CMOS-first approach to integration. 
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4. SUMMARY 

Micromechanical structures require long, high-temperature anneals to assure that stress in the structural materials of the 
micromechanical structures has completely relaxed. On the other hand, CMOS technology requires planarity of the substrate to 
achieve high-resolution in the photolithographic process. If the micromechanical processing is performed first, the substrate 
planarity is sacrificed If the CMOS is built first, it (and its metallization) must withstand the high-temperature anneals of the 
micromechanical processing. This second alternative was chosen by researchers at Berkeley and has been further developed as 
presented here. In this approach, the standard aluminum metal used in CMOS was replaced with tungsten. Since tungsten is a 
refractory metal, it withstands the high-temperature processing, but a number of issues remain unsolved concerning with 
adhesion of the tungsten layer and the unwanted formation of tungsten silicides. Despite these issues, devices integrated with 
functioning control electronics have been fabricated 

A unique micromechanics-first approach is also being developed. In this approach, micromechanical devices are 
fabricated in a trench etched on the surface of the wafer. After these devices are complete, the trench is refilled with oxide, 
planarized using chemical-mechanical polishing, and sealed with a nitride membrane. The wafer with the embedded 
micromechanical devices is then processed using conventional CMOS processing. Additional steps are added at the end of the 
CMOS process in order to expose and release the embedded micromechanical devices. 
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